Abstract-A new modular, hybrid solar power system is designed to generate both electrical and thermal energy by utilizing the full solar spectrum. The key element, an infrared-transparent concentrator photovoltaic (CPV) module, acts as a spectrum splitter, dividing solar radiation into two parts. The ultraviolet and visible light ("in-band") are converted to electricity with high efficiency in CPV cells, while the infrared light ("out-of-band") is transmitted directly to a thermal receiver, where thermal power may be converted to electricity by a suitable heat engine or used directly for industrial process heat applications whenever needed. Here, we describe the optical design, modeling, fabrication, and performance validation of this novel spectrum splitting CPV module. A transfer matrix style approach, cumulative transmission model, is built to study the reflection, absorption, and transmission in each layer of the CPV module. To optimize the optical performance, different materials for module superstrate/substrate, encapsulant, cell substrate, and cooling fluids are compared in order to enhance the transmission of out-of-band light through the CPV module by minimizing absorption. Six antireflection coatings along with front and backside electrical contact grids are designed to maximize transmittance of in-band light to the cell and out-of-band light to the thermal receiver. The final design, currently being prototyped, predicts out-of-band light transmission to the thermal receiver of 74.1% (for the passively cooled version) and 65.3% (for the actively cooled version). When epitaxial liftoff technology is applied, the transmission will change to 80.8% (passively cooled) and 71.9% (actively cooled). Experimental prototypes show good agreement with modeled optical performance.
I. INTRODUCTION

C
OMPARED with conventional energy production, solar energy collection is sustainable, environmentally friendly, and draws from a massively abundant supply. A range of everevolving technologies strive to harness solar energy with high efficiency and low cost, most notably flat-plate photovoltaics (PV) and photothermal systems. PV conversion is highly wavelength-dependent, and most efficient when converting photons of energies just above the PV cell band-gap energy. Conversely, photothermal processes convert solar energy to heat with an efficiency that is relatively constant over the full solar spectrum. The use of concentrated sunlight has proven to allow for higher efficiency PV and higher temperature photothermal systems. Thus, a hybrid concentrator PV (CPV)/concentrated solar thermal power (CSP) system (see Fig. 1 ) is being developed to take simultaneous advantage of both technologies to generate electrical and thermal energy by highly efficient utilization of the full solar spectrum [1] . Contrast to most conventional CSP systems that require a high initial investment and a large plot of nonsloping open land [2] , the CPV/CSP hybrid system presented here is designed to be modular, scalable, and reach better dispatchability at a more reasonable cost for either distributed or utility-scale applications [3] .
As can be seen in Fig. 1 , the system uses a parabolic dish (1.65 m on side, square) mounted to a low cost, dual axis tracker to concentrate sunlight with inhomogeneous flux distribution onto our highly efficient infrared (IR) transparent CPV module. To compensate for this inhomogeneous flux distribution, all cells in the module are wired in parallel to take advantage of lower variability in voltage (<±2%) to reduce electrical mismatch loss [1] . Part of the incident light with concentration ratio varying around 300-500 sun is absorbed in the CPV module, where either passive cooling or active cooling is necessary to maintain safe operating temperatures for the CPV module (∼50-110°C) [5] . Part of the concentrated light is passing through the spectrum splitting cells and part is passing around and between the cells, all of which is then captured as heat in a thermal receiver behind the CPV module. This heat may be stored using pressurized water or molten salts as the heat transfer fluid and converted to electricity on demand via a heat engine. Or the thermal energy may be utilized for industrial process heat applications with temperature ranging from 100°C to larger than 500°C depending as required for various applications [7] . The hybrid CPV/CSP system also shows cost competitiveness in the PV plus battery energy storage market with a minimal installation cost of $1.9/W [1] .
The IR transparent CPV module, the most key component in our hybrid CPV/CSP system, acts as a spectrum splitter, effectively dividing incident solar radiation into two parts, which we refer to as "in-band" and "out-of-band" light [see Fig. 2(a) ]. Photons with higher energy are absorbed in the transmissive CPV cells to be directly converted to electricity, while lower energy photons pass through the thermal receiver behind the module. Unlike conventional PV, the unique spectrum-splitting module presented here utilizes a sparse contact finger design on the cell's backside that allows the out-of-band light to pass through [see Fig. 2(b) ]. In order to minimize shadowing of contact figures and reflection and absorption by materials in front of and behind the solar cell, careful optimization of material selection, contact grid finger design, and antireflection coating (ARC) design must be performed. Unlike most traditional spectrum splitting techniques, such as heat reflectors [8] , [9] , refraction or prism spectrum splitters [10] - [12] , holographic filters [13] - [15] , and liquid absorption filter [16] , [17] , which need extra apparatus, strict alignment, and/or complicated design of optics, our IR transmissive CPV module is quite simple and easy to integrate into a solar energy collector. Also, it is significantly less sensitive to the angle of incidence compared with dichroic filters that only achieve ideal performance under collimated light [18] , an important benefit for use with concentrated light.
In this paper, we describe the optical design and performance in each layer of the spectrum splitting CPV module. We utilize a transfer matrix style approach to study the reflection, absorption, and transmission in each layer of the CPV module [3] . This approach includes the parasitic absorption of the GaAs substrate near the bandgap and takes into account multiple reflections between interfaces. Since the CPV module divides the solar spectrum into two portions, important module performance metrics to maximize are the PV conversion efficiency of in-band light as well as the transmission of out-of-band light through the module. In order to optimize the optical performance of the module, the CPV structure is designed and assembled with careful materials selection to minimize light absorption. Furthermore, angle-independent ARCs are designed to decrease reflection at interfaces with significant differences in refractive index, and front and back contact grids are designed to maximize transmission while minimizing contact series resistance.
II. TRANSMISSIVE CPV MODULE STRUCTURE AND MATERIAL SELECTION
The hybrid CPV/CSP system presented here uses a parabolic dish to concentrate sunlight onto a small optical aperture, where high efficient, multijunction (MJ) solar cells are located, as shown in Figs. 1 and 3. Concentration levels from 300 to 500 sun cause the cells' temperature rise beyond the desired operating range if an adequate cooling system is not in place. As a result, we employ either passive cooling, using radial aluminum-finned heat sinks, or active, microfluidic cooling, to remove waste heat from the CPV module. A unique consideration of our system is that the cooling must be accomplished with maximum transmission of out-of-band light through the module, which requires the materials employed in either passively cooled or actively cooled module have both high thermal conductivity and low light absorption at the same time. In this section, the module structures will be introduced in details and different materials used in each layer are compared and discussed. Fig. 3(a) and (b) shows the layout of the optical aperture window using passive cooling and active cooling methods, respectively. For the passive design, the optical aperture window is surrounded by a radial aluminum finned heat sink with a The infrared transparent CPV module acts as a spectrum splitter dividing solar radiation into two parts. Here, we refer to them as in-band light and out-of-band light, where in-band is absorbed in the CPV cell and most efficiently converted to electrical energy and out-of-band is transmitted through the cell and most efficiently converted to thermal energy. high thermal conductivity (205 W/m · K) through which waste heat is dissipated from the CPV module, after first conducting radially to the perimeter through the superstrate and substrate [see Fig. 3(c) ]. As an alternative design, a coolant may be actively forced through microfluidic channels on the backside of the module by a pump, taking the waste heat away from the bottom of CPV cells [see Fig. 3(d) ]. The modeled temperature of the CPV cell arrays is illustrated in Fig. 3 (e) and (f) for the two cooling methods. As is shown, the cell temperature for the passive cooling method ranges from ∼63°C to ∼100°C with an average of 82°C, while the temperature range for the active cooling method is between 60°C and 85°C with an average of 71°C [1] , [6] . These temperature ranges are safe for CPV cell and module operation. The optical aperture window can be divided into two regions: with and without PV cell coverage. We refer to them as the CPV cell region and the optical bypass region. Fig. 3(g ) and (h) shows cross-sectional schematics of the CPV cell regions for both passive and active cooling methods. The CPV cell region with passive cooling consists of five principle layers: sapphire, upper encapsulant, a 3J solar cell, lower encapsulant, and sapphire. The actively cooled module features two additional layers: a sapphire interlayer and the cooling fluid layer. The sapphire interlayer functions as an isolation layer between the solar cells and cooling fluid, and sapphire is 
A. CPV Module Structure
B. Superstrate and Substrate
The superstrate (above the cells) and substrate (below the cells) provide the module with long-term protection against external conditions. Materials options for the superstrate and substrate must satisfy the following requirements: 1) high stability and reliable mechanical properties, 2) minimal absorption over the solar spectrum (0.3-2.5 μm), and 3) low cost. A relatively cheap material, such as fused silica glass, is typically used in the PV industry. However, for our passive cooling method, since the waste heat generated in the module needs to be dissipated radially from the cells to the surrounding heatsink, high thermal conductivity becomes an additional essential property of both the superstrate and the substrate. Single crystal sapphire is a better fit for our CPV module, due to its excellent thermal performance as well as desirable mechanical properties [20] and low optical absorption [21] . Sapphire is also an ideal fit as an axial thermal conductor below the cells in our actively cooled design, efficiently conveying the waste heat from the CPV cells to the cooling fluid. Since heat is not extracted out of the top of the cells in the actively cooled module, the superstrate in the actively cooled configuration is chosen to be BK7 glass. Below the cooling channels, BK7 is also used as the actively cooled module's substrate. Our analysis shows double-sided polished sapphire to be cost effective in both configurations. Table I compares the optical and thermal properties of sapphire and BK7 glass at 300 K. From the listed data, both materials have a very broad transmission window from the ultraviolet (UV) to the IR. However, the sapphire's thermal conductivity is almost 20 times greater than fused silica glass, which is critical for module cooling under high concentration of incident sunlight.
C. Encapsulant
An encapsulant is used to provide adhesion between the superstrate and substrate layer and the PV cells, and to fill any air voids in the module. The encapsulant should be optically transparent, electrically insulating, and have reasonably high thermal conductivity. It should also be stable at elevated temperature with high UV exposure and sufficiently robust to withstand at least 15-20 years in the field. Ethylene vinyl acetate (EVA) has been the most commonly used encapsulant material for traditional PV. However, an optically superior alternative to EVA is silicone. According to previous analysis of encapsulant optical loss mechanisms [22] , silicone encapsulant offers a distinct optical benefit due to its higher UV transparency. Absorption in the EVA is significant (1.4-1.8%) compared to silicone (<0.2%) when they share the same thickness of ∼450 μm [22] . Low moisture absorption and broad temperature use range [23] also make silicone an ideal encapsulant for our CPV module.
D. PV Cell Substrate
The third layer of the spectrum splitting CPV module is the PV cell. As shown in Fig. 4(a) , our triple junction solar cell is designed with three subcells in an n-on-p structure: GaAs at 1.42 eV for the bottom cell, Al 0.18 Ga 0.82 As at 1.67 eV for the middle cell, and Al 0. 23 In 0.51 Ga 0.26 P at 2.10 eV for the top cell [32] . The choice of material and alloy composition for each subcell is mainly determined by the requirements for lattice-matching and current-matching. Each subcell includes a window layer, emitter layer, base layer, and back surface field layer. The first two tunnel junctions supply potential barriers for minority-carriers and form the connections between subcells. Another polarity reversing tunnel junction below the bottom cell enables the use of an n-type GaAs growth substrate with doping concentration the mid-10 16 cm -3 range. A unique characteristic of our CPV cells is the rear contact design. It is composed of a busbar and sparse contact grid, which enables the out-of-band light to transmit through the cells. Two ARCs are fabricated on the front and back side of the cells to decrease the light reflection at both interfaces [32] .
GaAs material with a higher cutoff bandgap 1.42 eV is chosen for epitaxial growth as opposed to the more conventional Ge substrate material (∼0.67 eV) used in CPV cells for two reasons: 1) to enhance the in-band light efficiency by only capturing high energy photons in the cells and 2) to increase the energy fraction of out-of-band light transmitted to the solar thermal receiver. To maximize transmission of out-of-band photons (E photon < 1.42 eV) through the module, low doped n-type GaAs substrates are preferred since they show less free carrier absorption than both highly doped n-type GaAs substrates [24] - [26] and p-type GaAs substrates with the same doping concentration [27] . However, considering the need for low contact resistance semiconductor-metal contact grids on its back side, which favors higher substrate doping, an n-type GaAs substrate doping concentration of mid-10 16 cm -3 is optimal for these PV cells [36] . We have also modeled the benefits associated with removing the substrate entirely, via epitaxial liftoff, which will increase the out-of-band light transmission by about 6.6% (absolute percentage increase) in the CPV module.
Contact design affects both the power conversion efficiency of the PV cells, by its series resistance, and optical transmission, by shadowing. Under fixed concentration, the power loss can be decreased by increasing the density of contact grid lines; however, shadowing will increase as well. Therefore, front and back contact grid design is an essential element in optimizing the construction of a spectrum-splitting solar cell. We designed optimized front and back contact structure to maximize light transmission through the cells while minimizing contact and sheet resistance within the cells, using a CPV circuit model [33] . Based on this PV cell epitaxial design and solar concentration as high as 500 sun, we expect as high as 4.25 A/cm 2 current density in the cells [32] . As shown in Fig. 4(b) , the cell size chosen is 5.5 mm × 5.5 mm. We use a single 180 μm wide busbar for wire bonding or indium solder bonding to the module electrodes. The width, height, and grid pitch of the contact fingers is 7.0 × 3.5 × 140 μm and 9.0 × 5.5 × 280 μm for the front side and back side, respectively, which results in 4.6% (front) and 3.0% (back) contact grid shadowing of light passing through the cell. The total contact resistance of the cell is 0.06 Ω · cm 2 at the operating point.
E. Cooling Fluid
The actively cooled module uses fluid pumped through microfluidic channels (100 μm thick) to remove heat from the back side of the PV cells. The cooling channels pass only under columns of PV cells; the space between channels (a majority of the bypass region) is filled with encapsulant. The cooling fluid should extract the waste heat from cells as effectively as possible with maximum transmission of out-of-band light into the thermal receiver. To do so, the chosen fluid should have the following properties: minimal IR absorption, high specific heat coefficient, high thermal conductivity, low density, low viscosity, and low thermal expansion coefficient [28] . The cooling system is designed to operate with outlet temperature around 35-45°C above the ambient temperature, which would lead to maximum fluid operating temperature of 80-90°C. Compared with synthetic oils, silicone oils, and mineral oils, water is cheaper and more environmentally friendly. It has low viscosity, reducing the likelihood of inhibited flow in the microchannels. Water also does not have the degradation issues that plague most oils, and has comparatively less absorption of the out-of-band light [29] . Thus, water was chosen as the cooling fluid in the actively cooled design.
III. ANTIREFLECTION COATING DESIGN
For the passively cooled system, with materials chosen as described above, the reflectance at the air-sapphire interfaces and encapsulant-GaAs interfaces is around 8% and 17%, respectively. One way to reduce the reflectance is to apply ARCs. Since below bandgap light is being transmitted to the thermal receiver, the design of ARCs should not only reduce the in-band light reflectance, but rather that of the entire solar spectrum, a requirement that is not typical for PV module ARCs. Also, reflectance must be minimized for the wide range of incident angles induced by the concentrator. After analyzing the nonuniform light intensity distribution on the CPV module [1] and in- tegrating the power over different incident angle ranges, we find that the distribution is 22.8%, 40.2%, 28.7%, and 8.3% when the incident angle is between 0-7.5°, 7.5-22.5°, 22.5-37.5°, and 37.5-45°, respectively. We employ the transfer matrix method to design the ARCs. Four different ARCs are designed to minimize reflection for the four most critical interfaces. ARC 1 is between the air and the superstrate (sapphire for ARC 1a or glass for ARC 1b); ARC 2 is between the upper encapsulant and the PV cells; ARC 3 is between the PV cells and the lower encapsulant on the backside of the PV cells; ARC 4 is between the substrate of the module (sapphire for ARC 4a or glass for ARC 4b) and the air. ARCs 3 and 4 may be designed only for out-of-band light, but ARCs 1 and 2 must be designed to minimize reflectance across the full solar spectrum. Initial designs for ARC 1 on glass (BK7) used more than two layers. However, using a standard two-material eight-layer design intended for transmitting only above bandgap visible light [30] , the total reflectance is 6.7% at normal incidence and 8.4% at an incident angle of 45°for the full spectrum of interest, whereas the reflectance of outof-band light is 14.6% and 17.5%, respectively. Though this design has very low reflectance between 400 and 700 nm, the high reflectance of out-of-band light makes this eight-layer ARC a poor choice for IR transmission in a spectrum splitting CPV module. We have found that a simple two-layer ARC works better for our application. Table II lists the final ARC designs with their materials, thickness, and modeled energy-weighted reflection for in-band, out-of-band, and the full spectrum at normal incidence. The total reflectance of ARC 1a, ARC 1b, and ARC 2 is 2.9%, 3.2%, and 3.0%, respectively. The out-ofband reflectance of ARC 3, ARC 4a, and ARC 4b is 2.0%, 2.0%, and 2.5%, respectively.
Although the solar spectrum is incident from the air into the module with a maximum incident angle of 45°, defined by the concentrator dish, the maximum incident angle for subsequent ARCs is lessened by refraction in previous layers of the module. Fig. 5 shows the ARC reflectance as a function of different incidence angles. While the performance of the ARCs worsens with increasing incidence angle, our designs are optimized to minimize reflectance over the entire incident angle range for each coating. The increase in total reflectance of ARC 1a, ARC 1b, and ARC 2 from normal incidence to maximum incidence angle is 0.9%, 0.9%, and 0.2%, respectively, whereas the total out-of-band reflectance of ARC 3, ARC 4a, and ARC 4b is increased by 0.2%, 0.9%, and 1.1%, respectively.
IV. OPTICAL PERFORMANCE OF THE TRANSMISSIVE CPV MODULES
After finalizing the module material selection, cell design, and ARC design, a cumulative transmission model based on a transfer matrix style approach is built to calculate the reflection, absorption, and transmission in each layer of the spectrum splitting CPV module. In this approach, multiple internal reflections between layers are taken into account. All interfaces are assumed to be planar. The thickness of each layer is considerably larger than the wavelengths we are interested in. Here, a brief introduction to this optical model is given. After validation of the cumulative transmission model by two experimental measurements, the optical performance for both passive and actively cooled versions of our spectrum splitting CPV module is analyzed.
A. Optical Model
We start with a simple model, a planar plate between two other layers. According to Snell's law, once we know the incident angle θ 1 and the refractive index of the entrance medium (n 1 ), the plate (n 2 ), and the exit medium (n 3 ), two refractive angles θ 2 and θ 3 can be calculated. From the incident angle θ 1 and the refractive angle θ 2 , the reflectance of the entrance interface R 1 can be expressed as the average of the parallel and perpendicular reflected light according to Fresnel's equations. The transmittance T 1 is the rest of the incident light if there is no absorption in the interface. Similarly, the reflectance and transmittance of the exit interface R 2 and T 2 can be obtained using θ 2 and θ 3 . The internal transmittance of the plate τ i can be described by the absorption coefficient a of the material and the single path s of the beam through the sample with thickness d:
When multiple reflections between the entrance and exit interfaces are considered, the overall transmittance τ is calculated by summing all components exiting the bottom of the plate, and the cumulative reflectance ρ is obtained from the sum of all parts reflected at the entrance interface. According to [31] , τ and ρ can expressed as
Due to the law of energy conservation, the total absorption can be calculated by
After analysis of the simple model with two interfaces mentioned above, we extend it to a more complicated model with multiple interfaces (see Fig. 6 ). The transmittance and reflectance for each interface are listed in the left side, and the internal transmittance is expressed in each layer. The overall transmittance, reflection, and the absorption of the first i interfaces are expressed by τ i , ρ i , and A i . According to (2)-(4), the transmittance τ 2 , reflectance ρ 2 , and absorption A 2 at the interface between medium n 2 and medium n 3 can be calculated using τ 1 , ρ 1 , T 2 , R 2 and the internal transmittance τ i2 of medium n 2 . Then, the first two media with refractive index n 1 and n 2 are considered as one layer with τ 2 and ρ 2 as its interface transmittance and reflectance with the third medium instead of the original T 2 and R 2 .
Consequently, τ i , ρ i , and A i for the following interfaces can be obtained by the above-mentioned method layer by layer. The optical transmittance, reflectance, and absorption may be calculated at each following layer, forming a cumulative transmission model.
B. Validation of the Model
To validate this model, the transmission of a bare spectrum splitting CPV cell and a mock version of the actively cooled spectrum splitting CPV module is calculated, both for normally incident light. The transmission is also experimentally characterized using a broadband (185-1700 nm) spectrometer (Ocean Optics). Here, the bare CPV cell with a thickness of 455 μm previously discussed is coated with the manufacturer's AR coating. The transmittance, reflectance, and absorption of the interfaces with AR coatings are obtained from the transfer matrix method rather than simply calculating them with Fresnel's equation. The grid shadowing effects are included as reflectance at the interfaces in front and back side of the PV cell, where the corresponding transmittances are decreased by the same amount of shadowing. The mock module built here has a similar structure to the actively cooled version of our spectrum splitting CPV module with the addition of one more PDMS interlayer between the water and BK7 glass. The superstrate and substrate glass are coated with ARC 1b and ARC 4b, respectively. The CPV cell used in the mock module is from the same batch as the measured bare CPV cell. The thickness for each layer is 1 mm (BK7 glass), 20 μm (upper encapsulant), 455 μm (a bare CPV cell), 20 μm (lower encapsulant), 430 μm (sapphire), 60 μm (deionized water), 400 μm (PDMS), and 3 mm (BK7 glass). The two encapsulant layers and PDMS layer all use Dow Corning Sylgard 184 silicone.
As can be seem in Fig. 7 , the modeled result for both the bare CPV cell and the mock module closely fit our experimental measurements. The energy-weighted out-of-band light (from 874 to 1650 nm) transmittance of the bare CPV cell for the modeled and experimental results is 68.1% and 68.6%, respectively, whereas these respective values are 63.8% and 63.2% for the mock module. One possible reason for these slight differences is variance in the doping level of our GaAs cell substrate, as values from the manufacturer are reported in a range. Another possible source of discrepancy is scattering within the module from nonideal interfaces; this light may not be totally lost if it is still captured by the thermal receiver behind the transmissive CPV module. We note that the experimental data show an interference fringe pattern due to slight differences in index for the III-V cell epilayers, a feature that is not included in the model. Finally, there are two transmission dips around 1200 and 1400 nm. The first one is attributed to C-H absorption in the silicone encapsulant due to vibrational overtones [22] . The second one is due to both silicone encapsulant and water absorption.
C. Optical Performance of Full Modules
After experimentally validating the cumulative transmission model, we study the optical performance for both passive and actively cooled versions of our transmissive CPV module. All refractive index and absorption coefficients used in the model are from the actual materials that are being employed in the project. Table III summarizes the optimized geometric parameters for these modules.
As can be seen in Fig. 8(a) , the two most significant out-ofband light losses in the passively cooled module are at the front side and back side of the PV cell. The light loss between the encapsulant and the front side of the PV cell is largely due to two factors. First, the ARC design, which focuses on the UV visible region, leaves the IR region with average reflection of about 3.6%. Second, the shadow caused by the front side cell contact grid is 4.6%. The light loss between the back side of the PV cell and encapsulant is because of the free carrier absorption from the GaAs substrate, which accounts for about 9.6% (absolute) of the total incident out-of-band light. For light exiting at the back of the module, the total modeled energy transmittance for normally incident out-of-band light is 76.7%. In Fig. 8(b) , the actively cooled module, the third most significant out-of-band loss, besides the light reflection at the front of the PV cell and free carrier absorption in GaAs substrate, is attributed to the three absorption peaks of water around 1400, 2000, and 2400 nm. This absorption causes 5.5% (absolute) light loss. The total transmittance of the actively cooled module is 67.6%. As shown in Fig. 8(c) and (d) , the main source of loss through the bypass region is reflection at the top surface of the module. The total transmittance (including in-band and out-ofband light) through the bypass region in the passive and actively cooled module is 89.2% and 87.8%, respectively. When taking the wide incident angle range from the concentrator into consideration, there will be around 2.6% (passively cooled version) and 2.4% (actively cooled version) lower transmittance (absolute efficiency drop) due to shadowing by the contact grid on the back sides of the PV cells and increases in reflectance at each interface. This reduces the final expected out-of-band transmission to 74.1% and 65.3% for the passively and actively cooled modules, respectively.
To improve out-of-band light transmission and overall spectrum splitting performance, shadowing loss from the busbar and the grid fingers on the front and back of the cell may be reduced through further improvement in sheet and contact resistance in the cell and re-optimization of the contact grid designs. More significantly, a large amount of out-of-band absorption may be eliminated by addressing free carrier absorption in the GaAs substrate. To do this, we will employ epitaxial lift-off (ELO) technology, in which the thin film cell structure is "peeled off" from the substrate by means of wet chemical etching of an intermediate sacrificial layer, allowing wafer-less cell construction and eliminating substrate out-of-band absorption. The technique grants the possibility of substrate reuse, significantly decreasing the cost of the MJ III-V PV cells [34] . This approach provides a major benefit to our spectrum splitting CPV module's out-ofband transmittance, reducing the total thickness of the PV cells from 455 to ∼5 μm and increasing out-of-band transmittance by ∼6.6% (absolute percentage increase). Including this improvement from ELO, the final expected out-of-band transmission of our spectrum splitting module is 80.8% (passive cooling) and 71.9% (active cooling).
V. SUMMARY
We have described a new solar energy conversion system that combines the high efficiency of CPV, utilizing only high energy photons, with the storage and dispatchability of CSP, utilizing only low energy photons. A key enabling technology for this hybrid system is a spectrum splitting partially transmissive CPV module. In order to dissipate waste heat from the CPV cells under highly concentrated light while maintaining high performance, two cooling methods are compared: passive cooling using radial convection and metallic fins, and active cooling using microfluidic channels under the cells. Here, we focus on the optical design and validation of this spectrum splitting CPV module. Experimental analysis of our cell and module prototypes confirms the validity of our model. According to this analysis, the CPV module has optical transmittance of 74.1% (passively cooled) and 65.3% (actively cooled) for out-of-band light passing to the thermal receiver. When ELO technology is applied, the out-of-band light transmittance increases to 80.8% (passively cooled) and 71.9% (actively cooled). The module intentionally incorporates bypass regions where light passes straight through the module without passing through PV cells. The bypass regions show transmittance of 89.2% and 87.8% over the entire solar spectrum for passive and actively cooled modules, respectively. While we have designed and prototyped this spectrum splitting module for incorporation into a hybrid CPV/CSP system to produce dispatchable electricity or process heat, it could also be used for other beam splitting solar energy conversion systems, with the parameters, such as bandgap selection and layer structure, being adjusted according to need.
